A detailed investigation of left ventricle (LV) flow patterns could improve our understanding of the function of the heart and provide further insight into the mechanisms of heart failure. This study presents patient-specific modelling with magnetic resonance imaging (MRI) to investigate LV blood flow patterns in normal subjects. In the study, the prescribed LV wall movements based on the MRI measurements drove the blood flow in and out of the LV in computational fluid dynamics simulation. For the six subjects studied, the simulated LV flow swirls towards the aortic valve and is ejected into the ascending aorta with a vertical flow pattern that follows the left-hand rule. In diastole, the inflow adopts a reasonably straight route (with no significant secondary flow) towards the apex in the rapid filling phase with slight variations in the jet direction between different cases. When the jet reaches about two thirds of the distance from the inflow plane to the apex, the blood flow starts to change direction and swirls towards the apex. In the more slowly filling phase, a centrally located jet is evident with vortices located on both sides of the jet on an anterior-posterior plane that passes through the mitral and aortic valves. In the inferior-superior plane, a main vortex appears for most of the cases in which an anticlockwise vortex appears for three cases and a clockwise vortex occurs for one case. The simulated flow patterns agree well qualitatively with MRI-measured flow fields.
INTRODUCTION
Heart disease is one of the greatest killers and debilitating factors in the world. Coronary atherosclerosis leading to myocardial infarction can be immediately fatal in almost a third of the patients involved. In the survivors, heart failure may follow despite improvements in treatment with modern techniques. In the cases where a heart attack is not immediately fatal, the shape and function of the ventricles can change over subsequent weeks and months. This natural process is called myocardial remodelling. It first involves the expansion of the infarct myocardium but can continue to affect the adjacent healthy tissue until the overall structure of the heart is altered. As the condition progresses, the functionality of the heart can deteriorate. The extent to which this happens can vary considerably between patients. Understanding the process of remodelling and its relationship with cardiac function is vital to the understanding of heart failure and the subsequent morbidity and mortality associated with myocardial infarction.
In general, left ventricle (LV) dysfunction can affect multiple aspects of the cardiac cycle including ventricular relaxation, diastolic filling, ventricular contraction, pericardial restraint, and ventricular interaction. Because blood flow in the LV is determined by a combination of these, a detailed investigation of intra-ventricular flow patterns can provide practical insight that may facilitate the diagnosis and treatment of LV dysfunction.
Thus far, no single measurement technique is available to offer detailed quantitative information about the time-dependent LV flow patterns and the impact of ventricular movements on haemodynamic changes. Catheter-based techniques are invasive and not practical for widespread application or serial follow-up examinations, whereas Doppler flow imaging is practically limited by the angle between the flow and the ultrasonic beam. Magnetic resonance imaging (MRI) phase contrast velocity mapping is perhaps the most versatile technique for in-vivo flow measurement but prolonged data acquisition time and limited spatiotemporal resolution are major limiting factors [1] . In parallel to the development of non-invasive imaging techniques, computational fluid dynamics (CFD) has made significant advances in recent years. It has been proven to be an effective means of studying complex cardiovascular dynamics, being able to provide detailed haemodynamic information that is unobtainable using direct imaging techniques alone. CFD is concerned with the numerical solution of a set of partial differential equations that govern the flow. In practice, the discretized equations together with the necessary boundary conditions are solved on a computational mesh by numerical techniques with the solution containing flow details including velocities and pressure at each grid and time point. Currently, several researchers have utilized CFD techniques to simulate blood flow in the heart with varying degrees of realism. The early computational models developed in the 1970s and 1980s were confined to one dimension or two dimensions, aimed at examining the global flow patterns and pressure waveforms [2, 3] and transmitral flow in simplified geometries [4, 5] . These models were subsequently improved to incorporate more realistic geometries and fluidventricular wall interactions in order to obtain velocity and pressure patterns in the ventricles, and stress distributions within the wall [6] [7] [8] [9] [10] [11] . Taylor et al. [12] developed a CFD model based on the geometry of a digitized canine LV, with artificially prescribed motion of the ventricular wall.
Although previous research has allowed important quantitative analysis of simplified models of the heart, only a few studies have accommodated anatomical and flow data acquired from individual patients [13, 14] . The current advances in MRI have permitted accurate measurement of ventricular anatomy throughout the cardiac cycle, which could be combined with CFD to enable subject-specific intra-ventricular flow simulations. With this approach, computational meshes are generated from anatomically realistic cardiovascular geometry with realistically defined boundary conditions [15, 16] . The purpose of this paper is to outline the key steps involved in patient-specific LV flow simulation. Intra-LV flow patterns for six normal subjects were obtained with CFD simulation. These were validated using directly measured magnetic resonance phase contrast velocity maps for selected imaging planes.
METHODS

Magnetic resonance data acquisition and LV model creation
A total of six healthy volunteers with no history of heart disease were chosen for this study. The study procedure was approved by the local ethical committee. The study includes the following steps: first, multi-slice magnetic resonance acquisition of the LV including inflow and outflow tracts; second, three-dimensional image segmentation for the construction of a deformable LV model; third, mesh generation, interpolation, and CFD simulation. Imaging was performed on a Siemens Sonata 1.5T MR system and a multi-slice cine True-FISP imaging sequence was used to acquire seven short-axis slices at 16 phases, providing complete spatial and temporal coverage of the LV. The magnetic resonance image spatial resolutions for the short-axis images are as follows: in plane, 0.78 mm; axial, 2 mm. Each slice was acquired in a single 20-second breath-hold so as to minimize registration errors caused by respiratory movement. Magnetic resonance flow imaging was used to aid the prescription of the inflow boundary conditions and to validate the CFD simulations. To this end, a phase contrast velocity-mapping sequence was used to acquire two long-axis images. The first long-axis image was oriented to pass through both the inflow and the outflow tracts whereas the second was set to be in the orthogonal direction passing through the inflow tract. For each acquisition, all three orthogonal components of velocity were obtained. Owing to the length of the imaging time required, the three velocity components were acquired within separate breath holds. As with the morphological image acquisition, retrospective cardiac gating was used to specify the acquisition of 20 phases across the cardiac cycle. The average inflow velocity was measured for all phases during the filling of the LV.
The main jet flow directions and profiles derived from the velocity measurement were then used to prescribe the inflow boundary conditions for the ventricular flow simulation on the inflow velocity patch in the hybrid boundary condition as described in reference [17] on the mitral valve plane. For the creation of the three-dimensional LV model, constructive solid geometry was used to describe the complex ventricular morphology as the combination of a set of simple geometric primitives [18] . The method allows the representation of the dynamic morphology of key anatomical features within the ventricle. In addition, the coordinate systems used by the primitives were directly compatible with those defined by the short-axis and long-axis imaging planes conventionally used for ventricular analysis. An interpolation scheme using polar Catmull Rohm splines was used to aid the description of the geometric primitives. This allowed the generation of smooth surfaces and simplexes from a set of arbitrarily placed control points. Temporal spline interpolation was used to generate a complete time series of models.
In order to define the extent of the LV at different phases of the cardiac cycle, it was necessary to take into account the dynamics of the mitral and aortic valve rings. As these structures move significantly over the cardiac cycle, their accurate delineation can play a critical role in ventricular volume and the correct identification of boundary conditions. For this purpose, long-axis images were acquired for each subject, with three images bisecting the mitral valve and two others bisecting the aortic valve. The points of attachment between the valve leaflets and the basal ring of the ventricular structure were manually identified in each long-axis image. For each of the valves, a sum-of-least-squares algorithm was used to calculate the optimally positioned plane through these identified landmarks. This scheme allowed the modelling of the full three-dimensional motion of the valve planes.
Structured mesh generation and CFD simulation
For each time phase, structured grids consisting of hexahedrall cells were generated in the LV cavity. The final model contained 54 230 nodes and 41 000 hexahedral cells [17] . A total of 16 meshes were generated from the original image data in one cycle. Cubic splines were employed to interpolate the 16 meshes into 49 meshes to provide a fine time step for CFD simulations.
The Navier-Stokes equations for three-dimensional time-dependent laminar flow with moving walls were solved using a finite-volume-based CFD solver CFX4 (CFX international, AEA Technology, Harwell). The blood was treated as an incompressible Newtonian fluid with a constant viscosity of 0.004 kg/m s. The simulation started from the beginning of systole with zero pressure defined at the aortic valve plane while the mitral valve plane was treated as a non-slip wall. When it reached the beginning of diastole, the aortic valve was closed (treated as wall) and the mitral valve plane was allowed to open (treated as a combination of pressure and velocity boundaries) with a 'plug' velocity profile. The details of the boundary condition setting can be found in reference [17] . The inflow direction was determined by the mean transmitral velocity vector obtained from magnetic resonance velocity measurement in two long-axis planes. The simulation was repeated for four cycles to reach a periodic solution and results obtained in the fourth cycle are presented here.
Tests on mesh sensitivity and time-step size were performed on one of the subjects by comparing results obtained with two different mesh densities (61 992 cells versus 41 000 cells) but the same number of time steps (test 1), as well as those with the same mesh density (41 000 cells) but two different time steps (49 versus 80 per cycle; test 2). Numerical differences in predicted velocities were found to be 4 per cent for test 1 and 2.5 per cent for test 2 at chosen test points, the mesh consisting of 41 000 cells and a time step of 49 per cycle were adopted in this study. The three-dimensional graphic package EnSight was used as a CFD postprocessor to visualize the CFD results. The mesh structure remained the same throughout the cardiac cycle despite significant changes in LV shape and volume. Figure 2(c) shows the corresponding surface mesh. Figure 3 shows a typical time-dependent LV volume curve throughout the cardiac cycle obtained from the reconstructed computational model. For the subject shown, the end-diastolic volume (EDV), the end-systolic volume, and the stroke volume were 230 ml, 140 ml, and 90 ml respectively, which were within the normal range for a male adult at rest. It can be seen that LV volume decreases to an almost constant value for most parts of systole producing a constant outflow rate. However, it only takes about one third of the diastole for the LV to reach EDV. It indicates that LV filling finishes very quickly with high transmitral velocity. The inflow velocity decreases rapidly to a very small value for the rest of diastole. 
RESULTS
Geometrical reconstruction and computational mesh generation
Velocity distributions
Flow patterns in diastole phase
For the group of subjects studied, diastolic filling generally only takes place in the early one third of diastole and the LV shape is relatively constant for the rest of the diastolic phase with only a minor increase in volume. It is shown in Fig. 4 that blood passes into the LV as a high-speed jet for all cases in the rapid filling phase. The flow jet in the LV adopts a reasonably straight route (no significant secondary flow) towards the apex. The jet hits the opposite walls of the LV for Fig. 4 (a) (I9-A9 wall), Fig. 4 Fig. 4 (c) (S9-P9 wall), and Fig. 4(d) (S9-A9 wall). When the jet reaches the level of plane 2 (about two thirds of the length from the inflow plane to the apex), the particle paths start to swirl towards the apex. The direction of the jets is mainly dependent on the inflow direction at the mitral valve, which was prescribed as part of the boundary conditions.
In the more slowly filling phase, however, more complex flow patterns develop as shown in Fig. 5 . Fig. 1 (a) The three-dimensional structure of the LV;
(b), (c) three-dimensional rendering of the reconstructed LV from an anterior-posterior (A9-P9) view timed at the end of diastole and the end of systole respectively Fig. 4 . The scales for the vectors for different cases are the same Reconstructed flow patterns in early systole for the six cases with the same format as in Fig. 6 . The scales for the vectors in the upper parts of the figures for different cases are the same, which is different from the scale in the lower parts clockwise vortex can be seen for Fig. 5(f) . Comparing Figs 4 and 5, it can be found that the vortex directions in the I9-S9 plane mainly follow the early phase jet direction. However, rapid and large movement on the S9 side of the LV wall helps the development of the vortices, except for Fig. 5(f) where the movement of the I9 wall is larger than that of the S9 wall.
To demonstrate the influence of diastolic blood flow patterns on the systolic phase, flow patterns at the end of diastole are presented in Fig. 6 for these cases. It is shown that, even at the end of diastole with the mitral valve almost closed, regular flow patterns still appear in the LV for all the cases. The directions of vortices remain the same as those found in earlier stages of diastole (as in Fig. 5 ). Single vortex secondary flow can be seen in plane 1 for Figs 6(a) and (c), and plane 2 for Fig. 6(b) . More complicated secondary flow patterns are found in Figs 6(e) and (f). However, the magnitudes of the secondary velocities are very small except for Fig. 6(a) . No visible flow patterns appear in the case corresponding to Fig. 5(d) at the end of diastole and are therefore not shown in Fig. 6 .
Flow patterns in systole
The main function of the LV during systole is to eject blood into the aorta. The influence of the LV on aortic flow would affect, first, the blood mass flowrate and, second, the jet flow profile. To demonstrate the nature of the LV contraction and flow behaviour under the contraction, intra-LV flow patterns in the systolic phases are presented in Fig. 7 (early systole) and Fig. 8 (mid-systole) .
In the early phases of systole, uniform flow patterns (vectors towards the aortic valve) can be seen in the upper part of the LV above plane 1 with irregular flow in the remaining regions of the A9-P9 view. On the I9-S9 planes, a dominant feature is that an anticlockwise vortex is generated in all cases. It is interesting to note that for the case in Fig. 7(f) , even a clockwise vortex remains on the I9-S9 plane by the end of diastole; the vortex direction changed completely to anticlockwise at an early stage of systole when the flow is just about to pass through the aortic valve. This may be caused by a rapid inward movement of the S9 side of the LV wall as identified by the arrow in the upper right-hand part of Fig. 7(a) . The effect of this up flow on the S9 wall in the I9-S9 plane and rapid flow towards the aortic valve in the A9-P9 plane produces a strong secondary flow in plane 1 for most of the cases with a clockwise single vortex (lower left part of each figure) . The intra-LV flow is generally swirling towards the aortic valve and is ejected into the ascending aorta. The direction of the vortex is from S9 to P9, I9, A9 and then to the S9 side, following the left-hand rule. This swirling flow pattern was generated at the beginning of systole and remained the same for the whole Fig. 8 Reconstructed flow patterns in mid-systole for the six cases with the same format as in Fig. 4 . The scales for the vectors for different cases are different systolic phase. More complex secondary flow patterns appear in plane 2.
After rapid contraction of the S9 wall of the LV, the I9 side starts to move inwards especially in the lower part of LV (as shown in Fig. 8(a) ) to provide a more uniform intra-LV flow in Figs 8(a) , (c), and (d) in which the velocity vectors point to the aortic valve in the majority of the LV. For Figs 8(b) , (e), and (f), uniform outflow can be seen in the A9-P9 view above plane 2 with a vortex at the apex region. In this stage, LV sizes become much smaller compared with the LV shape in Fig. 7 and outflow is stronger. The helical flow features remain similar to early systole, as shown in Fig. 7 .
Although not shown here, the flow features at the end of systole remain the same during early diastole before the mitral valve opens. However, the intra-LV flow patterns are dominated by the jet flow from the atrium after the mitral valve opens.
Validation
Figures 9(a) and (b) show the comparison of the magnetic resonance measured velocity distribution with CFD simulations at diastole in the A9-P9 and I9-S9 views respectively. It is evident that the flow fields generated by CFD simulations have a similar overall topology as those measured by in-vivo imaging. The magnetic resonance flow fields also show small vortices, typically located adjacent to the inflow tract and around the papillary muscles, as these structures were excluded in the CFD model.
DISCUSSION AND CONCLUSION
Cardiovascular magnetic resonance velocity imaging is a versatile tool for the assessment of general flow patterns in vivo. However, its long scan time and low resolution limits the application for providing a more detailed understanding of the coupled relationship between blood flow patterns and myocardial wall motion. CFD is a very powerful tool for solving fluid problems. It is able to provide timedependent flow parameter distributions such as velocity and pressure in whole three-dimensional domain. However, its predictions can only be useful when accurate model geometry and boundary conditions are imposed on the simulation. With the state-of-the-art MRI techniques and sophisticated image processing and three-dimensional reconstruction software, this paper demonstrated the potentials of the combination of CFD and MRI in intra-ventricular flow investigation. It permits the generation of comprehensive high-resolution velocity fields and the assessment of dynamic indices, such as mass transport and wall shear stress, that are important but cannot be measured directly using imaging alone. Furthermore, it is also able to provide flow predictions of specifically designed simulations such as artificially altering transmitral flow direction, or localized LV wall movement to investigate its impact on the flow patterns.
Uncertainties in this simulation procedure generally come from three stages: first, magnetic resonance image acquisition; second, image segmentation and three-dimensional reconstruction; third, numerical simulation. The magnetic resonance scanner ability, scan sequence, imaging resolutions, and subject cooperation are the main control factors for MRI quality. The partial volume effect, segmentation and registration accuracy, uncertainties caused by surface smoothing, and interpolation (three-dimensional time) are key issues for error control in the LV geometry reconstruction.
Generally, numerical simulation errors are formed by the mesh quality, boundary condition definition, and accuracy of certain numerical algorithms such as the differential scheme chosen in the simulation. Mesh density and time-step-independent tests, which are normally used to assess mesh quality, were performed for the study. Although the denser mesh used in the test did not have a very high mesh density owing to the moving-mesh requirement, the test did produce convergent results. The time step used in the simulation could have been finer if more computer storage space was used. It is shown in this study that the hybrid boundary setting at the mitral valve plane works very well on every subject. A detailed description of the hybrid boundary has been given in reference [17] . The influence of transmitral flow direction on the flow predictions was also assessed in the study [19] . The results showed that less than 5u of inflow direction variation would not cause significant changes in flow prediction. It is assumed that the blood is a Newtonian fluid in the study. The assumption should be valid for most of the phases in systole and diastole. However, the blood non-Newtonian effect may influence the flow patterns at the end of systole and the end of diastole when the shear rate decreased significantly.
Validations are generally difficult for patientspecific modelling, because of a lack of a gold standard for individual cases. It is especially difficult to perform quantitative comparisons of velocity profiles with magnetic resonance measurements for LV flow as the present authors and co-workers did on carotid bifurcation flow studies [20, 21] , because of the large deformation of LV geometry and more complex flow which make magnetic resonance velocity measurement much more difficult than in large arteries. In this study, only a qualitative comparison as in Fig. 9 was possible. It is shown that, qualitatively, the measurement agreed well with CFD predictions. However, more validations and reproducibility studies need to be performed in the future before the procedure is widely applied in clinical research.
This study demonstrates the combination of CFD and MRI for providing subject-specific blood flow patterns quantitatively in human LVs for six normal subjects. Although the ventricular size, movements, geometry shape, and flow patterns varied among the subjects, there are some common intra-LV flow features demonstrated in the study. For the chosen subjects, it is shown that, in systole, flow is generally swirling towards the aortic valve and ejected into the ascending aorta. The direction of vortex and flow follows the left-hand rule. This swirling flow pattern was generated at the beginning of systole and remained the same for the whole systolic phase. During the rapid filling period in diastole, blood passes into LV at a very high speed along a reasonably straight route (no significant secondary flow) towards the apex. When it reaches the plane 2 level (about two thirds of the length from the inflow plane to the apex), blood flow starts to change direction and swirls towards the apex. In the more slowly filling phase, a centrally located jet is evident with vortices located on both sides of the jet on the anterior-posterior plane (a long-axis plane containing mitral and aortic valves). On the inferior-superior plane, a main vortex appears for most of the cases in which an anticlockwise vortex appears for three cases and a clockwise vortex occurs for one case. The predicted flow patterns agree well qualitatively with magnetic resonance measured flow fields.
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